Abstract. Mammalian ovaries contain a large number of oocytes, most of which degenerate either before or at various stages of growth. Dynamic and precise regulation in the ovary involves many factors, each with a unique role. Identifying the single most important factor is impossible; however, it may be possible to identify factors essential for oocyte growth. It is evident that oocytes can grow into competent ova in vitro; however, how faithfully the follicle should mimic the in vivo conditions remains unclear. In the culture system discussed in this review, bovine and mouse oocyte-granulosa cell complexes, at approximately the late mid-growth stage, spread on a substratum without the involvement of theca cells. The structural simplicity of this system is advantageous because it reduces the basic conditions essential for regulation of oocyte growth. Apart from biological factors, high concentrations of polyvinylpyrrolidone (molecular weight: 360000) improved oocyte growth. Among ovarian factors, androstenedione was used to compensate for the absence of theca cells, and it promoted both follicular growth and acquisition of oocyte meiotic competence. Most oocytes cultured in a group were viable after long-term culture, suggesting that unlike ovarian events, there was no exhaustive follicle selection. Collectively, oocytes and their associated granulosa cells can establish independent units capable of supporting oocyte growth in appropriately modified culture media. Key words: In vitro, Oocyte-granulosa cell complexes, Oocyte growth, Polyvinylpyrrolidone (J. Reprod. Dev. 58: [167][168][169][170][171][172][173][174] 2012) I n the mammalian ovary, a small proportion of primordial oocytes periodically enter the growth phase and even fewer grow, mature, and ovulate [1] . Various factors, including gonadotrophins, growth factors, and steroid hormones, underlie the dynamic regulation of oocyte and follicular growth and their selection. The regulation is so dynamic and precise that examination of these events in situ is extremely difficult.
I
n the mammalian ovary, a small proportion of primordial oocytes periodically enter the growth phase and even fewer grow, mature, and ovulate [1] . Various factors, including gonadotrophins, growth factors, and steroid hormones, underlie the dynamic regulation of oocyte and follicular growth and their selection. The regulation is so dynamic and precise that examination of these events in situ is extremely difficult.
One solution to this problem is to isolate oocytes and their associated ovarian cells and culture them in vitro. It is well established that oocytes can grow in vitro because "normal" ova have been produced in vitro in mice [2] [3] [4] [5] [6] and cattle [7, 8] (oocytes were cultured for the latter half of their growth period). In mice, offspring have even been derived from oocytes cultured from primordial follicles [9, 10] . It is thus clear that requirements for oocyte growth can be studied in vitro. In addition, it is possible to isolate ovarian components essential for oocyte growth and acquisition of developmental competence in vitro. However, how faithfully the follicle should mimic the in vivo conditions remains unclear. This review focuses on culture systems with the smallest possible functional structure effective to support oocyte growth.
Two Major Types of Culture Systems
Several culture systems have been developed for in vitro oocyte growth [11] . They can be broadly divided into two types depending on whether follicles/oocyte-granulosa cell complexes spread on a substratum (the substratum-adhering system; Fig. 1A and B) or maintain a spherical shape (the sphere system; Fig. 1C and D) . In the substratum-adhering system, preantral follicles or oocytegranulosa cell complexes adhere to a substratum and proliferate outward, thereby creating a gentle swelling around the oocyte in mice [2, 4, 6] and rats [12, 13] . Alternatively, growth continues until follicle/oocyte-granulosa cell complexes form a dome-like structure, as previously reported in mice [14] [15] [16] [17] , rats [18] , cattle [8] , and pigs [19] . In the sphere system, follicles develop an antral cavity when subjected to appropriate stimulation in mice [3, [20] [21] [22] [23] [24] , cattle [25] [26] [27] [28] 
Components Essential for Oocyte Growth
Intact follicles are considerably complex to be controlled in culture. Furthermore, oocytes and follicles of large animals such as cattle are much larger than those of mice; a bovine follicle in vivo is larger than a mouse ovary. A possible method of reducing the complexity of culture requirements is to limit the region of the follicle to be cultured.
Several unique examples of oocyte growth remote from follicular growth in the ovary have been reported. Ovaries of LT/ Sv mice contain a group of "granulosa cell-deficient follicles," in which oocytes attain a diameter >70 μm despite being enclosed by only a few layers of granulosa cells [40] . Normally, oocytes in early-stage follicles are ≤40 μm in diameter. When parthenogenetic oocyte activation occurs in the granulosa cell-deficient follicles, the resulting embryos can give rise to ovarian teratomas, which contain various differentiated cells and proliferating undifferentiated cells [41] . In ovaries of Mos-null mice, parthenogenetic embryos were found within the remnants of granulosa cell-deficient follicles [42] . These observations suggest that development of the entire antral follicle is not necessary for complete oocyte development. Rather, their coordinated growth is necessary for normal female reproductive function in vivo.
The mouse follicle culture system developed by Eppig and Schroeder [2] has made it possible to separate oocyte growth from follicular growth in vitro. In their system, oocyte-granulosa cell complexes, which are obtained by collagenase digestion of ovaries, adhere to a substratum and spread outward. Production of mouse offspring using this system confirmed that intact follicle structure is not an absolute requirement because theca cells were removed at the initiation of culture and the spherical shape of the follicle was lost at a very early point of culture. Furthermore, neither folliclestimulating hormone (FSH) nor steroid hormones were involved in this system [2] . The simplicity of this system is advantageous because it reduces the essential conditions for the regulation of oocyte growth [43] . In contrast, this type of system is inadequate for creating an intact model of follicular growth.
Systems for oocyte growth should be simple; however, they should meet the following three conditions: 1) Oocytes should remain healthy and pursue the intrinsic oocyte program that directs growth and development.
2) Granulosa cells around the oocyte should adequately proliferate to avoid oocyte denudation.
3) Granulosa cells should maintain and develop functions necessary for supporting oocyte growth, with particular emphasis on establishment of appropriate oocyte-granulosa cell interactions.
If any of these conditions are negated, oocytes will not achieve complete growth.
Oocytes
Several basal culture media are available for oocyte growth, and an optimal medium should be selected depending on the culture system [44, 45] . When an appropriate medium is used, mouse oocytes can grow without serum supplementation [46] . However, the advantage of serum supplementation is obvious [46] , and most culture media used for oocyte growth therefore contain serum.
Cyclic adenosine monophosphate (cAMP), a secondary messenger of FSH, is involved in various ovarian events, including oocyte development [47] and maturation [48] . When dibutyryl cAMP (dbcAMP), a cell-permeable analog of cAMP, was added to the medium, the acquisition of meiotic competence of "denuded" growing mouse oocytes was stimulated [47] . Similarly, dbcAMP addition increased mouse oocyte growth and meiotic competence in follicles in vitro [20] . Hypoxanthine, a natural inhibitor of cAMP phosphodiesterase [49] , is present in mouse follicular fluid at a concentration of 2-4 mM [50], and it has similar effects on oocyte growth and acquisition of meiotic competence [25, 27, 51] .
Addition of the kit ligand, a stem cell factor involved in oocytegranulosa cell interactions [52, 53] , promoted oocyte growth in cultured follicles [54, 55] . Growth promotion was also observed in oocytes without associated granulosa cells [56] . Epidermal growth factor (EGF) [9] and insulin-like growth factor-I (IGF-I) [57] can improve developmental competence of mouse oocytes cultured in vitro. Similarly, fibroblast growth factor 7 benefits bovine oocyte growth [58] 
Granulosa cells
Heading the list of factors capable of promoting granulosa cell proliferation is FSH, which is essential for female reproductive function [59] [60] [61] . Following long-term culture, FSH increases mouse oocyte viability [9, 15, 62, 63] . However, oocytes have been demonstrated to grow without FSH in vitro, at least from the midgrowth stage [64, 65] . Under culture conditions optimized without FSH, excessive exposure to FSH can reduce oocyte developmental competence [64] and induce unusual expression of luteinizing hormone (LH) receptors in cumulus cells [64] . However, FSH enables cumulus cells to undergo expansion in response to appropriate stimulatory signals [66] .
Conversely, addition of LH alone promoted neither follicular growth [67] nor viability [68] in mice. However, combined addition of FSH and LH during in vitro growth enhanced oocyte meiotic competence [68] . Similarly, effects of triiodothyronine on growing oocytes have been studied in vitro; however, detrimental effects were observed on both oocytes and follicles [69] .
Addition of dbcAMP to the medium remarkably promotes granulosa cell proliferation [20] . Similarly, a high concentration of hypoxanthine promoted the survival and growth of oocyte-granulosa cell complexes in mice [70] , pigs [51] , and cattle [25, 27] . Other phosphodiesterase inhibitors such as 3-isobutyl-1-methylxanthine [2] , org9935, and cilostamide [71] have also been used for long-term culture of mouse preantral follicles. Moreover, mouse granulosa cells require cAMP-dependent pathways to maintain meiotic arrest of oocytes after the acquisition of meiotic competence in vitro [66] . Besides the factors already described, EGF [9, 72] and IGF-I [30] have been suggested to promote the survival of mouse follicles. Activins are also known to be involved in follicular regulation [73] . Although some positive effects of activin A on preantral follicle growth have been reported [28, 35, 74] , impaired follicle viability because of activin A treatment has also been reported [75] . Estradiol [13] and androstenedione [76, 77] are other potent stimulators of follicular growth in vitro that will be discussed later.
Oocyte-granulosa cell interactions
It has been established that a bidirectional interaction between oocytes and granulosa cells is essential for normal oocyte development [78, 79] . It appears reasonable to speculate that growing oocytes require similar oocyte-granulosa cell interactions in vitro to accomplish growth [80] . Oocytes play a key role in this bidirectional interaction by secreting paracrine factors [81] to promote granulosa cell proliferation [82, 83] and establish their phenotypic heterogeneity (cumulus cells and mural granulosa cells) [84] [85] [86] [87] [88] . In addition, oocyte-derived factors alter cumulus cell activities such as specific amino acid transporter expression [89] , cholesterol biosynthesis [90] , and glycolysis [91, 92] . Moreover, the presence of an oocyte is essential for development of an antral cavity [93] .
Among the known oocyte-derived factors, growth differentiation factor 9 (GDF9) is the dominant factor mediating regulation by oocytes [94] . In the GDF9-null mouse ovary, follicular growth ceases at the primary stage [95] . The growth-promoting effect of GDF9 in vitro has been confirmed with preantral follicle cultures [96, 97] . Both GDF9 and bone morphogenetic protein 15 (BMP15), which belong to the transforming growth factor beta superfamily and work synergistically [98] [99] [100] , represent two major oocytederived factors essential for the regulation of follicular growth [101] [102] [103] . The coordinating activity of GDF9 and BMP15 has been confirmed in vitro [104] .
In the following sections, our recent findings related to oocyte growth in simplified culture systems will be discussed using cattle and mouse models.
Cattle

Basic culture conditions
For establishing a substratum-adhering system for bovine oocytes, we developed a culture medium supplemented with a high concentration of polyvinylpyrrolidone (PVP; molecular weight: 360,000) [8] . A high concentration of PVP [4% (w/v)] in this system exerts a profound influence on the morphology of oocyte-granulosa cell complexes [8] ; however, the exact role of PVP remains unclear. In substratum-adhering systems, factors secreted from cells can diffuse into the medium before they come in contact with target cells [105] . A PVP-abundant medium may impede the diffusion of oocyte and granulosa cell factors without disturbing the diffusion of waste products from cells.
Oocyte-cumulus cell complexes were isolated from early antral follicles that were 0.4-0.8 mm in diameter. Oocytes ranging from 90 μm to 105 μm were selected. These oocytes were incompetent to resume meiosis without further growth in vitro [8, our unpublished observations]. The optimal culture duration was determined by the growth stage of oocytes at the time of isolation [106] , and oocytes used in our culture system were grown for 14 days in vitro [8] .
Oocyte-granulosa cell complexes exhibit a regular growth pattern (Fig. 2) . Unlike ovarian events, we observed no exhaustive follicle selection among complexes cultured in groups (Fig. 3A and  B) . Essentially, all complexes develop a dome-like structure ( Fig.  3B and C) , except those containing dead or (supposedly) degenerating oocytes. Therefore, the structure of our culture system is not as simple as that of the culture system for mouse complexes in which oocytes are nearly exposed to the medium [9, 107] . In our culture system, the dome was pierced after a 14-day culture period to withdraw the oocyte enveloped with several layers of cumulus cells (Fig. 3D) . Cumulus cell expansion occurred during the induced oocyte maturation (Fig. 3E) .
Using the substratum-adhering system, the following points were examined: * the effect of oxygen concentration on oocyte growth, * the effect of androstenedione supplementation, and * competence of oocytes cultured in vitro.
Effect of oxygen concentration
Reduced oxygen concentration often results in lesser cell damage associated with generation of reactive oxygen species (ROS) [108, 109] . In contrast, oxygen concentration ≥20% is commonly used for culture of a large amount of tissues or organs [33, 35, 36, 110, 111] . Difficulty arises when target tissues grow in size during culture, and follicle/oocyte-granulosa cell complex cultures fall into this category. Two different mouse studies reached different conclusions regarding the effect of oxygen concentration [112, 113] .
We compared the effects of 5% and 20% oxygen concentrations. Both the constant 5% and constant 20% oxygen concentrations compromised the yield of fully-grown oocytes [114] . The largest population of fully-grown oocytes was obtained when those two oxygen concentrations were applied in tandem, from 5% to 20%, 4 days after the initiation of culture. The frequency of oocytes becoming blastocysts after in vitro fertilization showed a similar tendency. A 5% oxygen environment may be appropriate for the growth of oocytes nearly exposed to the medium; however, a 20% oxygen environment becomes necessary to prevent possible hypoxia around oocytes. In other words, the gradually formed dome-like structure created an oocyte microenvironment remote from the controlled oxygen concentration.
Effect of androstenedione
Androgen synthesized by theca cells greatly contribute to female reproductive function [115, 116] . Androgen receptors are expressed in mouse follicles developed in vitro [117] . Addition of androgen promotes the acquisition of mouse oocyte meiotic competence in vitro [118] . Absence of androgen production due to removal of theca cells before culture is important to our system. Consequently, there is no conversion to estrogen. Taking advantage of these characteristics, we showed that addition of androstenedione or estradiol promotes maintenance of bovine oocyte-granulosa cell complex organization [119] . Surprisingly, androstenedione promotes oocyte meiotic competence at a dose lower than that necessary for estradiol to exert the same effect, suggesting a direct influence of androstenedione [119] . Therefore, it appears beneficial to add androgen to the oocyte growth medium, particularly when theca cells are removed before culture.
In contrast, estrogen may not be crucial for production of oocytes because oocytes recovered from aromatase knockout mouse follicles are competent to undergo preimplantation development [120] . However, a recent mouse study uncovered an important role for estrogen, in cooperation with oocyte-derived factors, in promoting cumulus cell expansion [104] .
Oocyte competence
Production of a calf from an oocyte grown in this culture system indicates that the medium supplemented with 4% PVP supports the acquisition of oocyte developmental competence [8] . Recently, oocytes grown in our culture system were used as the recipient cytoplasm for nuclear transfer, with cumulus cells serving as donor cells. On successful enucleation and fusion, approximately half the cleaved oocytes developed to the blastocyst stage, suggesting that they achieved competence while growing in vitro [121] .
Mouse
Effect of PVP supplementation on mouse oocyte growth
Conventionally, most studies on oocytes progress from laboratory mice to larger animals. In our studies, however, mice were used to follow the previous bovine study because mouse oocytes did not require a high volume of PVP to grow in vitro in previous studies [2] [3] [4] [5] [6] . However, whether or not PVP affects mouse oocytes remains to be determined.
Oocyte-granulosa cell complexes isolated from 12-day-old mice were cultured for 10 days in a medium supplemented with 5% fetal bovine serum and 1 ng/ml FSH. When different PVP concentrations were applied (0%-3%), two typical complex morphologies were observed (Fig. 4) . Although PVP seemed to slow the overall growth of complexes, specifically around oocytes, the cumulus cell mass in PVP-supplemented medium became larger than that in the control medium. Accordingly, the percentage of oocytes recovered as enclosed by cumulus cells was increased with PVP. When oocytes grown in vitro were induced to mature, we observed cumulus cell mucification irrespective of PVP supplementation during their growth. However, more oocytes matured after growth in the 2% PVP medium than in other groups [unpublished observations].
Conclusions
We discussed the in vitro growth of oocytes in substratumadhering systems, focusing on the cattle model. We made the following observations: 1) Oocytes grow and achieve a final diameter of 15-30 μm to acquire the necessary competence;
2) granulosa cell proliferation and modification occurs around the oocyte; and 3) unlike ovarian events, there is no exhaustive "follicle" selection. In summary, oocytes and their associated granulosa cells can establish independent units capable of supporting oocyte growth in appropriately modified culture media. However, further improvements to existing culture systems are necessary because competence of oocytes cultured in vitro still does not match that of oocytes grown in vivo. 
